Introduction {#S0001}
============

Diabetes mellitus (DM) is a severe metabolic disease, and the increasing incidence of DM-related complications and mortality has aroused considerable public concern. According to epidemiological surveys, there were 382 million diabetic patients in 2013, 90% of whom had type 2 diabetes mellitus (T2DM); the number of people with diabetes is anticipated to reach 592 million in 2035.[@CIT0001] T2DM causes many serious complications, including cardiovascular disease, retinopathy, kidney disease, and cognitive impairment.[@CIT0002] Consequently, treatments that effectively prevent and delay DM complications are urgently needed. Studies have shown that T2DM patients develop a significant decline in cognitive function, and of these patients, approximately 70% eventually develop Alzheimer's disease; the risk of Alzheimer's disease in patients with T2DM is 1.5--2.0 times that in the non-DM population.[@CIT0003],[@CIT0004] The hippocampus is a brain region associated with cognitive impairment and is one of the regions most sensitive to blood glucose fluctuations.[@CIT0005] Our team previously successfully furthered our understanding of the mechanisms of DM-associated cognitive impairment.[@CIT0006]--[@CIT0008] Inflammation and oxidative stress are involved in the pathogenesis of cognitive decline, and a vicious circle forms between these two factors to further accelerate brain damage and cognitive impairment.[@CIT0009],[@CIT0010] Therefore, high blood glucose, inflammation and oxidative stress may result in a greater vulnerability to cognitive impairment. Oxidative stress is produced in vivo when excess reactive oxygen species (ROS) overwhelm the defense of endogenous antioxidants. Thus, enhancing the antioxidant ability of the hippocampus may be a prospective, valuable method for preventing cognitive impairment in T2DM.

Nuclear factor erythrocyte 2-related factor 2 (Nrf2) acts as a redox-sensitive transcription factor in oxidative stress and inflammation-related tissue damage. Under physiological conditions, the combination of Nrf2 and Kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm causes Nrf2 to undergo ubiquitination and degradation; therefore, the basal expression of Nrf2 and downstream targets are necessary to maintain cell homeostasis.[@CIT0011] Nrf2 is activated and dissociated from Keap1 after stimulation by external oxidative stress molecules or nucleophiles. Then, it enters the nucleus to initiate antioxidant response elements (AREs) to regulate downstream antioxidant targets, such as heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase (NQO1), metallothionein (MT), superoxide dismutase (SOD) and catalase (CAT). Eventually, all antioxidant targets neutralize excess ROS to maintain cellular redox balance and provide a cytoprotective function.[@CIT0012] In vivo experiments have shown that *Nrf2* knockout in amyloid precursor protein (APP)/presenilin1 (PS1) mice exacerbate the spatial learning and memory deficits.[@CIT0013] Furthermore, in vitro experiments have shown that activation of the *Nrf2* gene can reverse the excessive production of ROS in high glucose-induced neuroblastoma cells (SH-SY5Y) and significantly improve cell viability.[@CIT0014]

Resveratrol (RSV), a phenolic compound, is a natural antioxidant present at high levels in grapes and Polygonum cuspidatum. Previous studies have proven the extensive biological and pharmacological properties of RSV, such as anti-inflammatory, antioxidative, and antiapoptotic properties.[@CIT0015]--[@CIT0017] The results showed that RSV induced excellent diabetes resistance in 2--10 weeks, primarily through a reduction in inflammatory cytokines, lipid peroxidation, and apoptosis, while also significantly enhancing antioxidant defense effects.[@CIT0018]--[@CIT0021] RSV acts as a neuroprotective agent by reducing the level of the oxidative stress marker malondialdehyde (MDA) in the hippocampus of rats with vascular dementia.[@CIT0022] However, whether RSV can prevent T2DM-induced cognitive impairment remains unclear.

Therefore, we induced T2DM in ICR male mice to study whether RSV can prevent T2DM-induced cognitive dysfunction and determine the mechanism of action by analyzing hippocampal inflammation, oxidative stress, and Nrf2 and downstream antioxidant gene expression.

Materials and Methods {#S0002}
=====================

Animal and Experimental Design {#S0002-S2001}
------------------------------

All experimental animal protocols were approved by the Animal Ethics Committee of the Hebei General Hospital and complied with the "International Laboratory Animal Management Regulations." Animals were raised in the animal barrier system of the clinical research center of Hebei General Hospital. The temperature was controlled at approximately 24 °C with a 12-hour light/dark cycle. We selected 8-week-old male ICR mice (Vital River Laboratory Animal Technology Co. Ltd., Beijing, China) weighing approximately 25--30 g as the research subjects. All mice were adapted to the feed under the above conditions for one week before each experiment. The normal diet (ND) (no. 12450J) contained 10% kcal fat, and the high-fat diet (HFD) contained 60% kcal fat (no. 12492; Research Diets, NJ, USA). The pathogenesis of T2DM has two aspects: insulin resistance and insufficient insulin secretion.[@CIT0023] After 2 months of HFD feeding, an intraperitoneal glucose tolerance test (IPGTT) was performed on the mice to verify the successful induction of insulin resistance ([Figure 1A](#F0001){ref-type="fig"}). By calculating the area under the curve (AUC) of blood glucose, it was found that the AUC of the HFD group was significantly higher than that of the ND group ([Figure 1B](#F0001){ref-type="fig"}). In some obese mice with insulin resistance, T2DM was induced by administration of low-dose streptozotocin (STZ) after 6 hours of fasting for three days. STZ (Enzo, NYC, USA) was dissolved in 0.1 mol/L sodium citrate buffer at a pH of 4.4 and immediately protected from light and injected. STZ (50 mg/kg) was administered by repeated intraperitoneal injection for 3 days, while the control group was intraperitoneally injected with an equal amount of citrate buffer (vehicle A). Five days after the administration of STZ, the glucose level was measured in tail vein blood collected from mice that had been fasted for 3 hours. Mice with blood glucose ≥ 250 mg/dl (13.9 mmol/L) were defined as T2DM model mice. Mice were fed RSV (Sigma Aldrich, St. Louis, MO, USA) in 0.5% sodium carboxymethylcellulose by intragastric administration at 30 mg/kg every other day for 4 months, and the control mice were given the same amount of 0.5% carboxymethylcellulose (vehicle B). The mice continued to be fed either the HFD or ND during the RSV intervention. We defined four experimental groups: ND + vehicle B (control), ND + RSV (RSV), HFD/STZ + vehicle B (DM), and HFD/STZ + RSV (DM+RSV). The mice were tested for the Morris water maze (MWM) after RSV intervention for 4 months and euthanized the next day, the brain and hippocampus were collected for subsequent experiments ([Figure 1C](#F0001){ref-type="fig"}).Figure 1Experimental design and intergroup metabolic parameter comparison. (**A**) IPGTT test two months after HFD induction. (**B**) The AUC of blood glucose in the IPGTT test. The data are expressed as the mean ± SD (n = 30). \**P* \< 0.05, \*\**P* \< 0.01 vs ND. (**C**) Schematic of the experimental process. (**D, E**) After 6 months of intervention in the mice, the body weights of the mice in the four groups were measured (**D**), and blood glucose levels were analyzed (**E**). The data are expressed as the mean ± SD (n = 15). \*\**P* \< 0.01 vs Ctrl.**Abbreviations**: IPGTT, intraperitoneal glucose tolerance test; HFD, high-fat diet; AUC, area under the curve.

The RSV dose of 30 mg/kg was chosen because of the following three factors. (1) RSV has poor water solubility and rapid metabolism; the plasma concentration can reach the peak in one hour, and only a small amount reaches the target organ, resulting in poor bioavailability.[@CIT0024],[@CIT0025] Because of these characteristics of RSV, the current dose of RSV used in mice research is most often 10 mg/kg-40 mg/kg.[@CIT0026],[@CIT0027] (2) Although RSV seems to have good tolerance and safety, a higher oral dose does not improve the therapeutic effect.[@CIT0028] (3) Because of the experimental design of the treatment of chronic diseases, we chose 30 mg/kg every other day for 4 months to ensure the maximum efficacy while reducing the incidence of side effects.

Morris Water Maze (MWM) {#S0002-S2002}
-----------------------

The spatial learning and memory ability of mice was determined through an MWM test.[@CIT0029] The maze was black and divided into four quadrants, with a platform placed in the third quadrant. The maze was filled with water to 1.5 cm above the platform, and different shapes and colors were attached to the labyrinth wall. Each training session began by placing the mice into the water in any of the other three quadrants not containing the platform and ended when the mice climbed onto the platform. If the mice failed to find the platform within 60 seconds, the escape latency was recorded as 60 seconds, and the mice were carefully guided onto the platform, where it remained for 15 seconds. The mice were then dried and returned to the home cage. The mice were tested in the hidden platform test 4 times a day for 5 consecutive days during the training period to evaluate learning ability. The platform was removed on the sixth day of training, and the mice were placed in the maze again to test spatial memory. For the spatial memory ability test, the mice were placed in the water and allowed to swim for 60 seconds, and spatial memory was evaluated by the amount of time the mice spent in the target quadrant and the number of times the mice traversed the previous platform location. The swimming speed was also calculated to control for the effect of motor function on the outcome. A camera mounted above the maze was used to record swimming trajectories and record test data. An IBM computer (Armonk, NY, USA) with a tracking program was attached to the ceiling camera for the collection and analysis of the data.

Nissl Staining {#S0002-S2003}
--------------

Mice were perfused with saline and paraformaldehyde. Then, the entire brain was removed and placed in paraformaldehyde fixative. After fixation for more than 24 hours, the brain was embedded in paraffin and sliced. Paraffin sections were dewaxed and stained with toluidine blue. Three sections were randomly selected from each mouse, and the number of neurons in the hippocampal CA1 region was counted at high magnification (400×) under a light microscope (Nikon, Tokyo, Japan) and photographed.

Transmission Electron Microscopy (TEM) {#S0002-S2004}
--------------------------------------

The mice were anesthetized and then perfused with physiological saline and 2.5% glutaraldehyde. The hippocampal CA1 area was rapidly separated, cut into 1-mm^3^ tissue pieces and immersed in 2.5% glutaraldehyde at 4 °C overnight. After the sample was rinsed three times in 0.1 M phosphate buffer, it was fixed in a 1% osmium acid fixative for 3 hours and then dehydrated with an ascending gradient of acetone. Pure acetone and epoxy resin Epon 812 were used for infiltration and embedding, and the tissue was then sliced into ultrathin slices of 50 nm and stained with 3% uranium acetate and lead citrate. Finally, the ultrastructure of synapses was observed and photographed by TEM (CM-120, Philips, Amsterdam, Netherlands).

Western Blot Analysis {#S0002-S2005}
---------------------

Hippocampal tissue was placed in RIPA lysis buffer containing a phosphatase inhibitor and a protease inhibitor (1 mg: 10 μL) and homogenized by a grinder. Hippocampal cell cytoplasm and nuclei were isolated for nuclear protein analysis using a nuclear protein extraction kit (BestBio, Shanghai, China). The homogenized protein was collected by centrifugation at 12,000 x for 20 minutes at 4 °C, and the protein concentration was measured by a BCA Protein Assay Kit (Thermo Scientific, Barrington, IL, USA). Protein samples were separated by 10--12% SDS-PAGE and electrotransferred onto a polyvinylidene fluoride membrane. The PVDF membrane was blocked with 5% skim milk powder for 2 hours and incubated overnight at 4 °C with the following antibodies: anti-β-actin (1:5000, Abcam, Cambridge, MA, USA), anti-Histone H3 (1:3000, Abcam, Cambridge, MA, USA), anti-Nrf2, anti-tumor necrosis factor-α (TNF-α), anti-interleukin-1β (IL-1β), anti-3-nitrotyrosine (3-NT), anti-MT (1:1000, Abcam, Cambridge, MA, USA), anti-HO-1 (1:2000 Abcam, Cambridge, MA, USA), and anti-NQO1 (1:10,000, Abcam, Cambridge, MA, USA). The membrane was washed with Tris-HCl buffer containing Tween 20 and incubated with horseradish peroxidase (HRP)-labeled antibody for 50 minutes at room temperature. The target band was visualized in the imaging system by the ultrasensitive enhanced chemiluminescence substrate (Thermo Scientific, Waltham, MA, USA). Quantitative densitometry and analysis of the recognized bands were performed using ImageJ.

Quantitative Real-Time PCR {#S0002-S2006}
--------------------------

According to the manufacturer's instructions, total RNA was extracted from the hippocampus using a total RNA Extraction Kit (Tiangen, Beijing, China). RNA concentration and purity were quantified by a Nanodrop 2000 spectrophotometer. Total RNA was synthesized into complementary DNA (cDNA) using an RNA reverse transcription kit (Takara, Beijing, China). PCR buffers were prepared using the SYBR Premix Ex Taq II kit (Takara, Beijing, China) following the instructions. Each sample was amplified in triplicate using the ABI 7500 Real-Time PCR System. Invitrogen Biotech Company synthesized the primers shown in [Table 1](#T0001){ref-type="table"}. The expression of each target gene was calculated according to the 2-ΔΔCT method, and the results are shown as the changes in mRNA expression of the target gene relative to that of β-actin.Table 1Primers Used in Quantitative Real-Time PCRGeneForward PrimerReverse Primer*Nrf2*5ʹ-AAGAATAAAGTCGCCGCCCA-3'5ʹ-AGATACAAGGTGCTGAGCCG-3'*HO-1*5ʹ-ATGGCGTCACTTCGTCAGAG-3'5ʹ-GCTGATCTGGGGTTTCCCTC-3'*NQO1*5ʹ-TAGCCTGTAGCCAGCCCTAA-3'5ʹ-GCCTCCTTCATGGCGTAGTT-3ʹ*MT*5ʹ-GCCTGCAAATGCAAACAATGC-3'5ʹ-AGCTGCACTTGTCGGAAGC-3'*β-actin*5ʹ-CATCACTATCGGCAATGAGC-3'5ʹ-GACAGCACTGTGTTGGCATA-3ʹ[^1]

Immunofluorescence Staining {#S0002-S2007}
---------------------------

Paraffin sections of the whole brains of mice were prepared according to the Nissl staining method described above. The dewaxed tissue sections were repaired in a microwave oven with EDTA antigen repair buffer (pH 8.0) and then incubated with bovine serum albumin for 30 minutes. The sections were incubated with the following antibodies overnight at 4 °C: anti-8 hydroxyguanosine (8-OHdG, 1:200, Bios, Beijing, China), anti-glial fibrillary acidic protein (GFAP, 1:1000, Abcam, Cambridge, MA), and anti-Nrf2 (1:200, Abcam, Cambridge, MA). The glass slides were incubated with the corresponding secondary antibodies at room temperature for 50 minutes. The images were observed under a fluorescence microscope after incubation with 4,6-diamidino-2-phenylindole (DAPI) at room temperature for 10 minutes.

Oxidative Stress Indicator Assay {#S0002-S2008}
--------------------------------

The levels of MDA (A003-1), SOD (A001-1), and CAT (A007-1) in hippocampal tissue were measured following the relevant quantitative kit instructions (Jiancheng, Nanjing, China).

Statistical Analysis {#S0002-S2009}
--------------------

All data analyzed by blind collection was expressed as the mean ± SD, and statistical analysis was performed using GraphPad Prism Version 8.0 (GraphPad Software, CA, USA). The differences between the two groups were compared using the Student's *t*-test. Four groups were compared using one-way ANOVA and subsequent Tukey multiple comparison tests. The escape latency in the MWM was analyzed by two-way repeated-measures ANOVA and Bonferroni post hoc test. Statistical significance was considered to be *P* \< 0.05.

Results {#S0003}
=======

RSV Prevents T2DM-Induced Learning and Memory Impairment {#S0003-S2001}
--------------------------------------------------------

After 6 hours of fasting, the body weight and blood glucose of diabetic mice increased significantly, and there was no significant difference between the RSV-treated and untreated groups ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"}).

In the MWM test, the escape latency was used to determine spatial information acquisition capabilities. The spatial memory of the mice was evaluated by removing the platform on the 6th day. Compared to the control group, the DM group exhibited a significantly increased escape latency in the MWM test on days 2--5. However, the escape latency was reduced considerably in the DM+RSV group compared with the DM group on days 3--5 ([Figure 2A](#F0002){ref-type="fig"}). After the removal of the platform on day 6, mice in the DM group crossed over the platform less frequently and remained in the platform quadrant for less time than mice in the control group. However, mice in the DM+RSV group crossed over the platform area more frequently and stayed longer in the platform quadrant than mice in the DM group ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). There was no difference in swimming speed among the four groups, indicating that the experimental results were not affected by motor function ([Figure 2C](#F0002){ref-type="fig"}). These results suggest that compared to age-matched control mice, DM mice exhibit learning and memory impairment, but RSV treatment prevented the decline in learning and memory abilities in DM mice.Figure 2RSV prevents T2DM-induced learning and memory impairment. (**A**) Evaluation of escape latency in the MWM test to assess spatial information acquisition. (**B**) Representative traces of swimming in the MWM test after the platform was removed. (**C**) Swimming speed analysis to determine whether motor function affected the results. Memory capacity is indicated by the number of times the mice crossed the target quadrant and the percentage of time spent in the target quadrant after platform removal on day 6. The data are expressed as the mean ± SD (n = 8). \**P* \< 0.05, \*\**P* \< 0.01 vs Ctrl; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01vs. DM.**Abbreviation:** MWM, Morris water maze.

RSV Prevents T2DM-Induced Hippocampal Neuronal Destruction and Synaptic Ultrastructural Damage {#S0003-S2002}
----------------------------------------------------------------------------------------------

To assess the effect of RSV on diabetes-associated cognitive impairment, we first used Nissl staining to analyze neuronal cell survival in this model. The number of neurons in the CA1 area of the hippocampus was significantly decreased, the gap was increased, and the volume was decreased in the DM group compared with the control group; moreover, the arrangement of neurons was irregular, and nuclear pyknosis was observed in the DM group. However, treatment with RSV prevented these pathological changes ([Figure 3A](#F0003){ref-type="fig"}). Synaptic structure and functional integrity are the physiological basis for information transmission between neurons. Therefore, TEM was used to observe changes in the synaptic morphology of the hippocampal CA1 region to reflect learning and memory ability. Compared with the synapses of control mice, the synapses of DM mice showed significant damage, such as blurred synaptic ultrastructure, synaptic cleft widening, fewer synaptic vesicles in the presynaptic membrane, and postsynaptic membrane thinning. However, there was no significant damage to the synaptic ultrastructure in the DM+RSV group ([Figure 3B](#F0003){ref-type="fig"}).Figure 3RSV prevents T2DM-induced hippocampal neuronal destruction and synaptic ultrastructural damage. (**A**) Representative images of Nissl-stained neurons in the mouse hippocampal CA1 region (400×, scale bar=50 μm). The number of neurons was quantitatively analyzed. (**B**) Ultrastructural changes in synapses (indicated by black arrows) in the CA1 region of the hippocampus as observed by TEM (Scale bar=250 nm). The data are expressed as the mean ± SD (n = 3). \*\**P* \< 0.01 vs Ctrl; ^\#\#^*P* \< 0.01vs. DM.**Abbreviation:** TEM, transmission electron microscopy.

RSV Prevents T2DM-Induced Hippocampal Inflammation {#S0003-S2003}
--------------------------------------------------

Hippocampal inflammation was evaluated by the inflammatory factors TNF-α and IL-1β. The Western blot results showed that the expression of TNF-α and IL-1β was significantly increased in the DM group compared with the control group. The expression level of these factors was significantly lower in the DM+RSV group than in the DM group ([Figure 4AB](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}).Figure 4RSV prevents T2DM-induced hippocampal inflammation. (**A, B**) The levels of the inﬂammatory factors TNF-α (**A**) and IL-1β (**B**) were measured by Western blotting. The data are expressed as the mean ± SD (n = 3). \*\**P* \< 0.01 vs Ctrl; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01vs. DM.**Abbreviations:** TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β.

RSV Prevents T2DM-Induced Hippocampal Oxidative Stress {#S0003-S2004}
------------------------------------------------------

3-NT, 8-OHdG, and MDA levels were assessed to evaluate oxidative stress levels. We used Western blotting to detect 3-NT in the hippocampus as an indicator of protein nitrification. RSV treatment significantly prevented T2DM-induced hippocampal protein nitrification (3-NT) accumulation ([Figure 5A](#F0005){ref-type="fig"}). We used 8-OHdG and GFAP double immunofluorescence labeling to evaluate DNA oxidation in the neurons of the hippocampal CA1 region. The results showed that the expression of green 8-OHdG was significantly increased in the DM group compared with the control group. However, RSV treatment almost completely prevented T2DM-induced 8-OHdG overexpression ([Figure 5B](#F0005){ref-type="fig"}). The lipid peroxidation product MDA in the DM group was significantly higher than that in the control group, and the content of MDA in the DM+RSV group was between that in the control group and that in the DM group ([Figure 5C](#F0005){ref-type="fig"}).Figure 5RSV prevents T2DM-induced hippocampal oxidative stress. (**A**) Detection of 3-NT expression, an indicator of protein nitrification, in the hippocampus by Western blotting to assess oxidative damage. (**B**) Micrographs of coimmunolabelling with the DNA oxidation markers 8-OHdG (green), GFAP (red) and DAPI (blue) in the hippocampus. The mice hippocampus showed 8-OHdG (green) immunolabeling in neurons (DAPI, blue) and some glial (GFAP, red) cells (Scale bar=10 μm). (**C**) The determination of malondialdehyde (MDA) content reflected the degree of lipid peroxidation in the hippocampus, and indirectly reflected the degree of neuron damage. The data are expressed as the mean ± SD (n = 3). \*\**P* \< 0.01 vs Ctrl; ^\#\#^*P* \< 0.01vs. DM.**Abbreviations:** 3-NT, 3-nitrotyrosine; 8-OHdG, 8-hydroxyguanosine; GFAP, glial fibrillary acidic protein; DAPI, 4.6-diamidino-2-phenylindole; MDA, malondialdehyde.

RSV Upregulates Nrf2 Expression in the Hippocampus {#S0003-S2005}
--------------------------------------------------

All the above experimental data indicated that RSV treatment might prevent T2DM-induced cognitive impairment. Therefore, we measured Nrf2 expression and nuclear accumulation in hippocampal neurons to explore whether RSV prevents this effect by upregulating Nrf2. The mRNA and protein expression levels of Nrf2 in the RSV group were significantly higher than those in the control group. In addition, RSV significantly prevented the decrease of Nrf2 expression in the DM group ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). Immunofluorescence staining of Nrf2 was used to investigate the nuclear accumulation of Nrf2 in hippocampal neurons. Compared to the control group, the RSV group had significantly increased Nrf2 nuclear localization. Nrf2 expression was reduced in both the cytoplasm and the nucleus in the DM group compared with the control group. However, the nuclear localization of Nrf2 was almost normal in the DM + RSV group ([Figure 6C](#F0006){ref-type="fig"}).Figure 6RSV upregulates Nrf2 expression in the hippocampus. (**A**) The mRNA level of *Nrf2* in the hippocampus of mice was measured by qRT-PCR. (**B**) The expression of Nrf2 nuclear protein in the hippocampus was determined by Western blot. (**C**) The activation of Nrf2 was analyzed by the immunofluorescence staining of hippocampal tissue sections. Nrf2 (red), nuclear staining by DAPI (blue), and nuclear accumulation (indicated by white arrows). The merged image shows the nuclear localization of the Nrf2 protein (scale bar = 20 μm). The data are expressed as the mean ± SD (n = 3). \**P* \< 0.05 vs Ctrl; ^\#^*P* \< 0.05 vs DM.**Abbreviations:** qRT-PCR, quantitative real-time PCR; DAPI, 4,6-diamidino-2-phenylindole.

RSV Upregulates the Expression of Nrf2-Downstream Antioxidant Target Genes in the Hippocampus {#S0003-S2006}
---------------------------------------------------------------------------------------------

We confirmed the transcriptional effect of RSV treatment by detecting the levels of the Nrf2 downstream antioxidant genes. Compared to the control mice, the mRNA expressions of *NQO-1*, *HO-1*, and *MT* were significantly increased in the RSV group, while were significantly decreased in the DM group. Meanwhile, the mRNA expression of these target genes in the DM + RSV group was significantly increased compared to that in the DM group ([Figure 7A](#F0007){ref-type="fig"}). Consistent with the mRNA expression results, the Western blot results showed that the protein levels of NQO1, HO-1, and MT were significantly increased in the RSV-treated control and DM mice ([Figure 7B](#F0007){ref-type="fig"} and [C](#F0007){ref-type="fig"}). Moreover, SOD and CAT activities were increased significantly in the RSV group and decreased significantly in the DM group compared with the control group. The activities of SOD and CAT in the DM + RSV group were between those in the control group and those in the DM group ([Figure 7D](#F0007){ref-type="fig"} and [E](#F0007){ref-type="fig"}). All of the data suggest that RSV may prevent T2DM-induced cognitive impairment by upregulating Nrf2 and its downstream antioxidant genes.Figure 7RSV upregulates the expression of Nrf2-downstream antioxidant target genes in the hippocampus. (**A**) The mRNA levels of the Nrf2 downstream genes *NQO1*, *HO-1*, and *MT* were measured by qRT-PCR. (**B, C**) The protein levels of NQO-1, HO-1, and MT in the hippocampus were measured by Western blot. (**D, E**) The activities of SOD (**D**) and CAT (**E**) in the hippocampus were detected by the quantitative kit. The data are expressed as the mean ± SD (n = 3). \**P* \< 0.05, \*\**P* \< 0.01 vs Ctrl; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01vs. DM.**Abbreviations:** HO-1, heme oxygenase-1; NQO1, NAD(P)H, quinone oxidoreductase; MT, metallothionein; SOD, superoxide dismutase; CAT, catalase.

Discussion {#S0004}
==========

T2DM-induced cognitive impairment not only seriously affects the quality of life of patients but also adds to the economic burden of the family and society due to high medical expenses. With the aging of the population and the increasing prevalence of diabetes, T2DM-induced cognitive impairment not only a medical problem but also a public social issue that needs to be solved urgently. Inflammation and oxidative stress are thought to be important mechanisms of cognitive decline.[@CIT0009],[@CIT0010] Therefore, the development of appropriate strategies to prevent hippocampal inflammation and oxidative stress in patients with T2DM is an essential approach to prevent cognitive impairment.

Research shows that ROS levels in diabetic patients are abnormally high, while the expression of antioxidant enzymes is reduced.[@CIT0030]--[@CIT0033] The severe long-term complications associated with diabetes are tissue damage due to this extremely high glucose level and subsequent oxidative stress.[@CIT0034],[@CIT0035] However, individual antioxidants do not provide significant benefits for diabetic complications because they provide only the simple function of ROS scavenging.[@CIT0036] Since some synthetic antioxidants, such as triterpenoid derivatives, may cause cardiovascular toxicity, the use of these antioxidants to prevent diabetic nephropathy was urgently stopped in Phase III clinical trials.[@CIT0037] As a result, natural antioxidants have been extensively studied for their convenient access and controllable side effects.

As a well-known phenolic compound and antioxidant, RSV prevents oxidative damage under diverse pathological situations by controlling inflammation and maintaining the redox homeostasis of cells.[@CIT0038],[@CIT0039] Some studies have used RSV to reverse the cognitive deficits caused by diabetes in rats.[@CIT0040],[@CIT0041] Consistent with these findings, our study showed that 4 months of RSV treatment significantly reduced the escape latency of T2DM mice and increased the number of crossings and time spent in the target quadrant ([Figure 2A--C](#F0002){ref-type="fig"}). In addition, RSV significantly improved T2DM-induced hippocampal neuronal cell damage and synaptic ultrastructure damage ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Moreover, RSV significantly prevented the increase of the T2DM-induced inflammatory factors IL-1β and TNF-α, which is consistent with previous reports indicating that RSV controls inflammation ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Furthermore, RSV prevented the overexpression of the T2DM-induced protein nitration index 3-NT, the DNA oxidation damage index 8-OHdG, and the lipid peroxidation end product MDA ([Figure 5A--C](#F0005){ref-type="fig"}). These pieces of evidence predict that RSV improves the cognitive function of T2DM mice, possibly by reducing inflammation and oxidative stress.

Nrf2 is one of the main factors that protects and restores cell homeostasis. If the activity of Nrf2 is not sufficient to resist oxidative stress or eliminate misfolded and aggregated proteins, it is often related to the etiology and consequences of diabetes. As a sensitive antioxidant gene, Nrf2 expression should increase to resist oxidative stress when excessive ROS is produced in a high glucose environment. However, the expression and activity of Nrf2 in this study were significantly reduced in the 4th month of T2DM induction. Previous studies found a slight increase in Nrf2 expression or activity in the 3rd month in a DM-induced cardiomyopathy model of oxidative damage. However, the expression and effect of Nrf2 were significantly reduced after 6 months of hyperglycemia.[@CIT0042] The mechanism by which Nrf2 expression levels increase in the early stage and decrease in the later stage in the T2DM model is not clear. Taken together, the results of previous research and this experiment suggest that the following factors may be involved: (1) the mice in this experiment were exposed to T2DM for too long (4 months); (2) decreased Nrf2 expression is associated with reduced age-related neural stem cell function;[@CIT0043] and (3) the compensatory response of Nrf2 to oxidative stress also decreases with age.[@CIT0044] The decrease in Nrf2 expression may be related to the increased proteasome activity of tissues or cells in a high-glucose environment.[@CIT0045] Therefore, we assume that elevated levels of Nrf2 in the early phases of T2DM are a compensatory response to T2DM-induced oxidative stress, and sustained oxidative stress will damage the effect of Nrf2, thereby exaggerating the oxidative damage to the hippocampus in the later stages and affecting cognitive function.

In this study, Nrf2 expression was significantly increased in RSV-treated diabetic and nondiabetic mice by mRNA, Western blot, and immunofluorescence analyses ([Figure 6A--C](#F0006){ref-type="fig"}). These results suggest that RSV upregulated Nrf2 and promoted Nrf2 nuclear translocation to play a protective role. To further verify the transcriptional function of Nrf2, downstream antioxidant genes were measured. The expression levels of NQO1, HO-1, and MT in T2DM mice were consistent with that of Nrf2; they were all significantly decreased in the DM group compared with the control group. In addition, the activities of SOD and CAT in the T2DM group were significantly reduced. After RSV treatment, the expression of these antioxidant genes in T2DM mice increased significantly, almost reaching normal levels ([Figure 7A--E](#F0007){ref-type="fig"}). All the above data suggest that RSV may upregulate the expression of Nrf2 and downstream antioxidants, thereby preventing T2DM-induced cognitive impairments. In addition to the mechanism of RSV-mediated Nrf2 explained above, there may be other mechanisms that play a role in the prevention of T2DM-induced cognitive impairment, which deserves further discussion. At present, some studies have shown that RSV can effectively prevent damage to various target organs caused by diabetes without inducing a significant hypoglycemic effect.[@CIT0026],[@CIT0027] In this study, we did not find a significant difference in blood glucose levels between the RSV-treated T2DM group and the untreated T2DM group ([Figure 1E](#F0001){ref-type="fig"}). Therefore, we speculate that the RSV-mediated prevention of T2DM-induced cognitive impairment and damage to other organs is not significantly related to its effect on blood glucose. However, whether Nrf2 plays an indispensable role in the neuroprotective effect of RSV remains unknown. These problems need to be further explored in *Nrf2* knockout mice.

Conclusion {#S0005}
==========

In summary, we found that RSV prevents T2DM-induced cognitive impairment through anti-inflammatory and antioxidative activities. This effect may be due to the upregulation of Nrf2 expression and downstream antioxidant genes by RSV. The schematic in [Figure 8](#F0008){ref-type="fig"} illustrates the mechanism by which RSV prevents T2DM-induced cognitive impairment.Figure 8Mechanism diagram.

All authors thank Guangyao Song (Hebei General Hospital) for his help in technical support. This work was funded by the Natural Science Foundation of Hebei Province (Grant No. H2015105083) and the Graduate Innovation Fund of Hebei (Grant No. CXZZBS2019125).

Disclosure {#S0006}
==========

The authors report that there are no potential conflicts of interest associated with this article.
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